Grass plants were grown axenically in sand and were then inoculated with either one bacterial species or a mixture of two species. Numbers of bacteria on the root surface were subsequently determined by dilution plating. When six bacterial species were inoculated on to separate Lolium perenne plants, the species with the smallest individual cells produced greatest numbers per mg root after 15 d. When Serratia marcescens was inoculated on to three grass species, L. perenne, Holcus lanatus and Deschampsia Jlexuosa, there was no significant difference between the grasses in the number of bacteria per mg of root which subsequently developed. Serratia marcescens and a Flavobacterium sp. were inoculated, separately or together, on to L. perenne, grown either with a complete nutrient solution or one deficient in either nitrogen or phosphorus. The Flavobacterium sp. increased more slowly than S. marcescens, a difference enhanced when they were on the same plant. Decreased nitrogen supply, although it reduced plant growth, had no significant effect on bacterial numbers, whereas phosphorus deficiency increased the numbers of both bacterial species.
INTRODUCTION
The population density of a bacterial species in the rhizosphere could be influenced by (a) physical and chemical conditions in the soil, (b) the amount and nature of organic materials liberated by the root, (c) interactions with other micro-organisms and ( d ) predatory microfauna. To understand the factors controlling the rhizosphere microbial population is therefore very difficult, and it can be helpful to study a simplified model system in which some of these factors are excluded and others controlled. Here we describe experiments in which grass plants were established axenically in sand culture and then inoculated with one or two bacterial species, whose growth on the root surface was subsequently followed. A similar technique has been used by Bennett & Lynch (1981) to study bacterial growth in the rhizosphere of cereals. Our experiments form part of a study of the effects of nitrogen and phosphorus supply on the microbial population of root surfaces of Loliumperenne, but they also provide information on the rate of colonization by motile and non-motile bacteria, on the time-course of competition between two bacterial species and on the growth of one bacterial species on three different grass species. As the relative humidity was kept high, and because of the cotton wool bung, water loss from the tubes was very slow and no water was added during the experiments. By keeping the temperature constant condensation on the sides of the tubes was minimized. The six pure cultures of bacteria used for inoculation of the plants were originally isolated from the root surfaces of L. perenne plants growing in soil collected from a permanent pasture. One was identified as Serratiu marcescens and four as Flavobacterium spp. The sixth, a non-motile Gram-variable pleomorphic rod, could not be identified.
The S. marcescens and the Flarobacterium spp. were tested for their ability to metabolize sugars: all could use glucose, sucrose and lactose, but they varied in their use of other sugars. All six organisms could use NH4NO3 as the sole nitrogen source. None of them could degrade cellulose or pectin. Serratia marcescens was the only motile species and the only facultative anaerobe. The bacteria were grown on l/lO-strength tryptic soy agar. From this culture a suspension containing about 500 bacteria ml-I was prepared in 1/4-strength Ringer's solution and 1 ml was pipetted on to the surface of the sand near the base of each plant.
At harvest the roots were carefully washed free of sand in sterile distilled water. They were shaken for 15 min with glass beads in sterile distilled water, and the number of bacteria in the resulting suspension was determined by dilution plating on to 1110-strength tryptic soy agar. The plates were incubated at 25 "C and counts were made after about 4 d. The roots and shoots were dried in an oven and weighed. Later the shoots were digested in conc.
H .SO,, and their nitrogen and phosphorus contents were determined colorimetrically on an automatic analyser.
Indiridual experiments. Table 1 shows details of the experiments. Expt I was a preliminary experiment in which growth of all six bacterial species on L. perenne was measured. Cell length and width were measured on about 100 bacteria of each species grown on l/lO-strength tryptic soy agar for 7 d. The mean cell volume was calculated assuming the cells to be cylindrical.
Expt 2 compared the growth of S. marcescens on the roots of three grass species. Deschampsiaj'lexuosa is characteristic of acid, infertile soils, whereas H . lanatus and L. perenne are potentially fast-growing species of fertile sites. Because of its known slow relative growth rate, D.flexwsa was planted out four weeks earlier than the others. with the aim of achieving similar-sized plants by the time of the harvest.
Expts 3 and 4 investigated the effect of nitrogen or phosphorus deficiency on the growth of bacteria on L. perenne roots. Two bacterial species, which had similar individual cell volumes, were inoculated either separately or in a mixture. The inoculum was about 500 cells ml-in monoculture or about 250 of each ml-in mixture. The two species could easily be distinguished on the dilution plates because they are different colours, S. marcescens being red and the Flawbacterium sp. yellow. In Expt 3 some tubes received the 'complete' nutrient solution described above, others a 'low-N' solution in which KN03 and Ca(N03)2 were reduced to 1/10 of the concentration in the 'complete' solution, but K and Ca were kept unchanged by adding KCl and CaClr . In Expt 4 some tubes received a 'low-P' solution, in which NaH2P0, was 1/5 of the concentration in the 'complete' solution. 
RESULTS
Expt 1. Growth of six bacterial species on Lolium perenne There were marked differences between the six bacterial species in numbers per mg root (Table 2 ). Similar differences occurred at the first harvest, and the overall difference between species was significant at P < 0.001, by analysis of variance. The species with smaller cell volume tended to reach higher numbers (Table 2); the correlation coefficient between numbers and cell volume was -0.884, significant at P < 0-02. The estimate of microbial biomass per g root was calculated from numbers x mean volume x (dry weight/volume). Since mean volume and numbers were approximately inversely related, the dry weight per g root varies less than the numbers.
Expt 2. Bacterial growth on three grass species There was no significant difference between harvests in number of bacteria per mg root, so Table 3 shows the mean of the two harvests. Although the mean differed more than twofold between host species the difference did not quite reach statistical significance (P = 0-07).
Interpretation of the results is made more difficult because, in attempting to get plants of equal size by sowing D. frexuosa earlier, we overcompensated and the D. frexuosa plants were substantially larger than the others at harvest. Therefore no conclusion can be drawn about differences in bacterial growth between the host species, although it is worth noting that the mean bacterial numbers change in parallel with the plant relative growth rates, as measured between harvests in this experiment or in the more favourable growing conditions of Grime & Hunt (1975 Expts 3 and 4. Eflect of decreased nitrogen and phosphorus supply In both these experiments shoot growth was reduced by nutrient deficiency but root growth was not significantly affected (Fig. 1, Table 5 ). The element whose concentration was reduced in the nutrient solution had a significantly lower percentage in the shoots at the final harvest (Table  4) , but the concentration of the other element was unaffected. Figure 2 shows the time-course of development of the bacterial populations in Expt 3. Since there was no significant effect of nitrogen concentration (Table 5) , results from the two nutrient treatments have been averaged. When the bacterial species grew separately, S. marcescens reached maximum numbers by day 7 , whereas Ffavo6ucterium sp. A increased more slowly and did not reach the same abundance as S. marcescens until the last harvest. The specific growth rate of S. marcescens between days 2 and 4 was 0.044 h-(but was presumably faster before day 2). The specific growth rate of Ffauobacterium sp. A from days 4 to 7 was 0.080 h-*. In the mixture S . marcescens grew just as fast as in monoculture but Flavobacterium sp. A was even slower to colonize. The significance of these effects was confirmed by an analysis of variance on the data of harvests 3-5, which showed the between-species competition (i.e. monoculture v. mixture) and species x competition effects all to be significant at P < 0.001. In Expt 4 (data not shown) there was a similar difference between the rates of colonization by the two species, and between one-species and two-species cultures. Table 5 . Numbers of bacteria per mg root were log-transformed before analysis, to make the variances more nearly equal, ***, P<O.OOI; **, P<O.Ol; *, P<0.05; -, not significant. For further details see Table 1 In mixed-species plants, total number of bacteria per plant was used.
There was no consistent or significant effect of nitrogen supply on bacterial numbers (Table  6 ). In contrast, phosphorus supply did influence bacterial numbers. Figure 3 shows that S. marcescens initially grew at a similar rate in the two phosphorus treatments, but continued growth for longer in the low-P treatment and finally reached a higher plateau. Flavobacterium sp. A and the mixed culture behaved similarly (Table 6 ). The significance of this effect is confirmed by analysis of variance on the results from all harvests, which shows a significant nutrients x time interaction (Table 9 , and by analysis on the last two harvests alone (Table 6 ). Statistical significance* Not significant P < 0.02 * Significance of difference between complete-nutrient and low-nutrient treatment, by analysis of variance.
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DISCUSSION
The aim of these experiments was to study bacterial growth in a simplified system, and inevitably the conditions were artificial in various ways. One of these is that the plants at first grew axenically ; during this time the roots presumably produced organic substances, which were not used by micro-organisms. Then the bacteria were inoculated into a small volume of sand. The timecourses in Figs 2 and 3 were probably strongly influenced by the rate of spread of the bacteria, through a rhizosphere initially relatively rich in substrate; thus they would bear little resemblance to the time-course of colonization of roots in soil. Nevertheless, the results do provide useful information on rates of spread which can occur. The motile S. marcescens achieved near plateau levels within 7 d, and the non-motile Ffavobacterium sp. A in about 10 d (Fig. 2) . If we assume that the bacteria had by this time reached all parts of the root system, this indicates that the non-motile Ffavobacterium sp. A can spread about 7 cm (the depth of the sand) in 10 d, even without the help of downward percolating water. There is, of course, no proof that the faster initial growth by S. marcescens was due to its motility, although this is likely to have contributed. Serratia marcescens is a facultative anaerobe, whereas Flavobacterium sp. A is a strict aerobe; although the sand growth medium contained air there might have been local anaerobic pockets near the root in which S. mrcescens would be favoured.
The bacterial numbers in Expt 1, presented in Table 2 , were measured 15 d after inoculation and so probably represent plateau numbers per mg root. Although numbers per mg root varied eightfold between species (Table 2) , estimated biomass varied only twofold, suggesting that all the bacteria were limited by organic substrate supply rather than some specific growth factor. Since no rigorous statistical test can be applied to the biomass values it is uncertain whether Figs 2 and 3 indicates that on older roots bacterial populations were approximately static, this suggests that the supply of substrate had declined to a level only sufficient to satisfy the maintenance requirements of the bacteria. It is not known whether the bacteria were using mainly soluble organic exudates as substrate or insoluble materials as well. The fact that none of the six species could degrade either cellulose or pectin, major components of mucigel (Oades, 1978) , suggests that they were not using the root mucigel layer, in which they were presumably embedded, as a substrate.
Serratia marcescens, initially isolated from L. perenne rhizosphere, also grew well on two other grasses (Table 3) . Although there was no significant difference in bacterial numbers between the three host species, the possibility that slow-growing species such as D.flexuosa, which are tolerant of infertile sites, exude less organic material and hence support a smaller rhimsphere population, would be worth further investigation.
In Expt 3 Flauobacterium sp. A had on day 7 only about 1/10 as many cells per g root in the mixed culture as in the monoculture (Fig. 2) . Even allowing for the initial inoculum containing only half as many cells in the mixture, it is clear that early multiplication of Flauobacterium sp. A was retarded by the presence of S . rnarcescens. This was confirmed in Expt 4 (data not shown). However, Flavobacteriurn sp. A continued to increase in abundance in the mixture after S . rnurcescens reached its plateau level. Thus Flavobacterium sp. A, although slower to multiply initially, is evidently an effective competitor. It would be interesting to know the outcome if the experiments had been continued longer: would the two bacterial species reach a balance or would one be eliminated ? Bennett & Lynch (1981) inoculated axenic wheat, barley and maize with three species of bacteria, separately or in mixtures. The rhizosphere populations reached plateau levels (per g root) after 2-4 d. Usually the bacterial species continued to coexist after that, although one species was eliminated in one experiment. The more rapid attainment of plateau populations than in our experiments was probably due to the different inoculation method: the whole sand volume was flooded with the bacterial suspension, so scarcely any migration of bacteria would be necessary.
In Expts 3 and 4 the deficiency of nitrogen or phosphorus was sufficient to cause a marked reduction of shoot growth, though not of root growth (Fig. 1) . It is thus perhaps surprising that the low-N treatment had no significant effect on the bacterial populations, and the low-P treatment caused a marked increase ( Table 6 ). Since the root weights were unchanged, the treatments influenced numbers of bacteria per plant in the same way as numbers per g root. In another experiment (Turner & Newman, 1984) L. perenne grown in the same way was inoculated with a fungus, Rhizoctonia sp. Fungal abundance on the root surface was unaffected by a low-N treatment but approximately doubled in low-P, closely paralleling the results in Table 6 . These results suggest that nitrogen and phosphorus were not directly limiting to microbial growth, but that phosphorus-deficient plants provided more organic substrate for rhizosphere microorganisms. Unfortunately there is no direct information available on how nutrient deficiency influences exudation by L. perenne. Bowen (1969) found that loss of amino acids from roots of Pinus radiuta seedlings was reduced by nitrogen deficiency but increased by phosphorus deficiency. In contrast, Rovira & Ridge (1973) found that loss of soluble 14C-labelled compounds from roots of young wheat plants was reduced by phosphorus deficiency. Ratnayake et al. (1978) and Graham et al. (1981) reported that exudation of sugars and amino acids from sudangrass and orange was increased by phosphorus deficiency; however, the roots were not axenic and may have been physically damaged. Increased sugar exudation was not accompanied by increased sugar content within the root, but there was decreased phospholipid content, suggesting that phosphorus deficiency may make roots more 'leaky'. This subject deserves further investigation.
